Palynological and biomarker characteristics of organic facies recovered from CretaceousMiocene well samples in the Ras El Bahar Oilfield, southwest Gulf of Suez, and their correlation with lithologies, environments of deposition and thermal maturity have provided a sound basis for determining their source potential for hydrocarbons. In addition to palynofacies analysis, TOC/Rock-Eval pyrolysis, kerogen concentrates, bitumen extraction, carbon isotopes and saturated and aromatic biomarkers enable qualitative and quantitative assessments of sedimentary organic matter to be made. The results obtained from Rock-Eval pyrolysis and molecular biomarker data indicate that most of the samples come from horizons that have fair to good hydrocarbon generation potential in the study area. The Upper Cretaceous-Paleocene-Lower Eocene samples contain mostly Type-II to Type-III organic matter with the capability of generating oil and gas. The sediments concerned accumulated in dysoxic-anoxic marine environments. By contrast, the Miocene rocks yielded mainly Type-III and Type-II/III organic matter with mainly gas-generating potential. These rocks reflect deposition in a marine environment into which there was significant terrigenous input.
Introduction
The Ras El Bahar Oilfield is situated on the southwest bank of the Gulf of Suez, Egypt (Fig. 1) . It is between the Precambrian outcrop areas of the Esh El Mallaha Range to the west and Gebel El Zeit in the northeast, 35 km south of the Ras Gharib and 50 km northwest of Hurghada (EGPC, 1996) . It was discovered by the General Petroleum Company in 1962 and may be regarded as an onshore extension of the Zeit Bay Field.
There have been several studies previously on the palynology and palynofacies of Miocene deposits in the Gulf of Suez (e.g., Mahmoud, 1993; Ahmed and Pocknall, 1994; El Beialy and Ali, 2002; El Beialy et al., 2005; Soliman and Ibrahim, 2012; El Atfy et al., 2013a , b, 2014 . The source rock potential of Gulf of Suez formations has been reported in some detail by Rohrback (1983) , Mostafa (1993) , Alsharhan and Salah (1994, 1995) , Barakat et al. (1997) , El Diasty and Peters (2014 ), El Diasty et al. (2014 , 2015a and El , among others. Hitherto, there have not been any publications on the organic geochemistry, applied palynology or carbon isotopes of the southern sector of the Gulf of Suez. Hence this paper is a first attempt at dealing with these aspects of the Turonian-Paleocene-Lower Eocene deposits in this M A N U S C R I P T
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4 m, but in the RB-2 well it amounts to only 350 m. It overlies conformably the Nukhul Formation and underlies conformably the Rahmi/Markha Member of the Kareem Formation. It has been dated as Early Miocene (early-middle Burdigalian: e.g., Said, 1990) , Early Miocene or Burdigalian (El Beialy and Ali, 2002; El Beialy et al., 2005; El Atfy et al., 2013a) , and late Burdigalian-early Langhian . Deposition probably took place in an open marine environment (EGPC, 1964) : Evans (1988) invoked upper to upper-middle bathyal conditions based on deep water foraminifera. It consists mainly of sandy shale, fossiliferous calcareous shales with hard sandstone beds, and minor limestone intercalations. In the Rahmi-Shukeir area, it is differentiated into four formal members, Bakr, Yusr, Safra and Ayun, whereas in west central Sinai it is barely differentiated at some localities into four informal members: from oldest to youngest these are Mheiherrat, Hawara, Asl and Mreir. They all show monotonous lithologies of repeated shales, sandy shales, calcareous shales and marls, except for the Asl Member which may contain a sandy and/or limy facies that can be traced over quite long distances (NSSC, 1976) .
The Kareem Formation was first described by the EGPC (1964) . In its lower part it consists of the oldest stable evaporite development in the Gulf of Suez region. It is one of the main oil source rocks and contains excellent sand reservoirs in many oilfields in the Gulf (Schlumberger, 1984; El Ayouty, 1990; Alsharhan, 2003) . It attains a drilled thickness of 261 m in the type section encountered in the Gharib North-2 well in the Eastern Desert (EGPC, 1964) , whereas in the RB-2 well its thickness is 130 m. It overlies conformably the Ayun Musa Member of the Rudeis Formation and underlies conformably the Baba Member of the Belayim Formation. Its age is well constrained by foraminiferal and nannoplankton biostratigraphic data: these indicate Middle Miocene, Langhian-early Serravallian (15.5-14 Ma: Scott and Govean, 1985; Smale et al., 1988) .
Palynologically, it has been dated as Early-early Middle Miocene (El Beialy and Ali, 2002; El Beialy et al., 2005) or late Burdigalian, Langhian and Serravallian . The depositional setting of the formation was shallow, partly open marine, with localized lagoonal conditions (Alsharhan and Salah, 1994) , although outer shelf to upper bathyal conditions have also been inferred based on benthic foraminifera (Evans, 1988) .
In the wells studied, the Kareem Formation consists mainly of highly calcareous, mostly grey mudstone grading to marl with some limestone intercalations in the upper part and massive anhydrite interbeds in the lower part. It is subdivided into an older Rahmi Member and younger M A N U S C R I P T
6 of Elvacite 2044 acrylic resin dissolved in xylene had been placed. Elvacite is a useful mounting medium in the context of our work because it does not fluoresce in ultraviolet light. A drop of liquefied phenol was added to all sieved and un-sieved residues to inhibit microbial growth.
Selected palynomorphs and types of palynodebris were photographed using an Olympus Microscope (BX10): these are illustrated below under transmitted light at different magnifications.
200 kerogen particles were counted in order to obtain qualitative and semi-quantitative data on the dispersed organic matter. Palynomorphs were excluded from these counts because they were so rarely encountered.
Using dichloromethane as a solvent for 72 h, organic extracts from pulverized rock samples were fractionated by column chromatography into saturated, aromatic, and nitrogen, sulphur and oxygen components (NSO) in a silica gel alumina column after the precipitation of asphaltenes using a 40× excess of hexane. Bulk stable carbon isotope analysis for the five Miocene extracts of saturated and aromatic fractions was determined using the combustion technique of Sofer (1980) and carried out on a Finnigan Delta Plus XL instrument. Results are reported against the PDB standard.
The GC-MS of saturated and aromatic hydrocarbon fractions was undertaken on a Hewlett Packard 6890 Series coupled to a Hewlett Packard 5973 Series Mass Selective Detector (equipped with a 30 m × 0.25 mm i.d. HP-5MS column with a film thickness of 0.25 µm and using helium as a carrier gas). The oven was held for 1 min at 35°C, then increased from 35 to 120°C at 10°C/min and from 120 to 300°C at 3°C/min, with a final holding time of 30 min at 300°C. The Selective Ion Monitoring (SIM) mode permitted specific ions to be monitored, such as hopanes (m/z 191) and steranes (m/z 217). Biomarker ratios were calculated from peak areas of appropriate mass fragmentograms in the saturated and aromatic hydrocarbon fractions (Peters et al., 2005) . All of these bulk and organic geochemical analyses were undertaken by GeoMark Research Ltd, Houston, Texas (USA).
Results and discussion

Source rock bulk geochemical characteristics
TOC values of the samples analyzed range between 1.06 and 3.80% (Table 1) , indicating good to very good source rocks. It is apparent that all of the samples have high quality TOC (wt%) and contain more than the minimum amount for a viable source rock (Fig. 3) . The Turonian samples at depths 2652 m and 2703 m contain the highest measured TOC (3.80% and 3.34%) as shown in Table 1 . The high TOC values for these two samples can be linked to the depositional environment and redox conditions (see below).
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S 1 values represent poor to fair generating potential as they range from 0.01 to 0.72 mg HC/g rock, except for the two Turonian samples where S 1 records the highest values (1.85 and 1.68), which indicates a good source rock (Table 1 ) and perhaps also oil that has migrated into this formation in well RB-2. All of the samples analyzed have low S 1 relative to high TOC values, indicating that they contain indigenous hydrocarbons, but the presence of migrated hydrocarbons cannot be ruled out (Hunt, 1996) .
The hydrogen index (HI) readings range from 75 to 389 mg HC/g TOC, indicating a mixed Type-III and II/III kerogen for the Miocene and Paleocene-Lower Eocene samples and Type II/III to borderline Type II kerogen for the two Turonian samples (Table 1 ). The observed variations in organic matter input (from marine to terrigenous or mixed characters) and decrease in HI values may result from changes in water depth and associated variations in the redox conditions during the deposition of these strata (Demaison et al., 1983) .
Kerogen plots can be anywhere on the van Krevelen diagram and need not fall on any of the indicated maturation curves owing to the combined effects of diagenesis, thermal maturity and differing input of organic matter (Peters and Cassa, 1994) . The HI was plotted versus the oxygen index (OI) on a modified van Krevelen diagram (Fig. 4) to determine the origin of the organic matter. The kerogen types appear to be of mixed Type-II/III (oil-and gas-prone) to Type-III (gasprone).
Palynofacies analysis
Our palynofacies analysis is focused mainly on the Upper Cretaceous Wata and Matulla formations for which no data have been available previously from the southern Gulf of Suez.
However, a detailed palynofacies analysis was undertaken by El Diasty et al. (2014) on the same interval in the central Gulf of Suez. The palynological content of the Paleocene-Early Eocene Esna Formation in the gulf has also been studied for the first time, albeit based on only one sample. As noted above, the Miocene strata of the Rudeis and Kareem formations have been investigated palynologically previously. Here we include observations on the palynology of the overlying Miocene Belayim Formation for which hitherto there have been no palynological reports despite its importance from a petroleum viewpoint.
Significant variations in palynofacies character can only be assessed by counting and analyzing numerical data (Tyson, 1993) . Palynomorph counts are plotted on Table 2 . Unfortunately palynomorphs were scarce in nearly all of the samples, hence diminishing their value for assessing past vegetation and paleoclimatic changes (e.g., El Beialy et al., 2005) .
The palynofacies data recorded from all 37 cuttings samples examined are summarized in The ternary diagram AOM-phytoclast-palynomorph (APP) (Fig. 5) of Tyson (1993 Tyson ( , 1995 shows a clear separation of various groups of assemblages. The clusters refer to three main palynofacies associations (see details in the following paragraphs). Association-A samples lie mainly within field II, which indicates a marginal dysoxic-anoxic basin, and hence is classified as Type-III, gas-prone kerogen (Tyson, 1995) . Those of Association-B fall within palynofacies fields VI and II with a clear transition from a proximal suboxic-anoxic shelf yielding Type-II kerogen to a gas-prone marginal dysoxic-anoxic basin. Association-C samples lie mainly in the field IX, indicating a distal suboxic-anoxic basin and Type-II, highly oil-prone kerogen. These three associations were differentiated on the basis of relative abundances of the particulate organic matter recovered.
Palynofacies association-A
This association was recovered from 21 samples: 16 from the Rudeis-Kareem succession and five from the overlying Belayim Formation. It is dominated by terrigenous amorphous organic matter (AOMT; Batten, 1996a) and phytoclasts (mainly cuticles and tracheids). The AOMT percentage usually exceeds 60%, except in sample RB2.2, 1932-1935 m, in which it amounts to only 44% (Table 3 ; Fig. 6 ).
Morphologically, the majority of the AOM particles have a granular appearance with angular to sub-angular outlines, while others have no distinct margins. They are fairly well to well preserved and vary from light brown (Fig. 8A ) to dark brown masses having a clotted aspect. The phytoclasts consist mainly of pale brown to brown, fairly well-preserved fragments that include cuticles ( Fig. 8B ) as well as other tissues (Fig. 8C, D) . Elongate lath-shaped and tabular tracheids are also present. The content of land-plant debris recovered from the Kareem Formation varies: it is most abundant in the upper part. Rare occurrences of equidimensional opaque particles were also encountered.
In addition to AOMT and phytoclasts, this association contains rare pollen grains, fungal spores, trilete spores, dinocysts and microforaminiferal test linings, overall averaging between 2 and 3% of the assemblage. They are more common (up to 7%) in some samples from the RB-4 well. No marked change in the palynofacies content between the Rudeis and Kareem formations was detected: most of the dinocyst taxa recorded from the former were also encountered in the Kareem Formation. Some of these were identified as Sumatradinium sp. cf. S. hispidum (Fig. 8E) ,
Cordosphaeridium minimum (Fig. 8F) and Melitasphaeridium choanophorum (Fig. 8J ).
Gonyaulacoid dinocysts (e.g., Spiniferites sp. cf. S. pseudofurcatus and S. sp. cf. S. ramosus, Fig. 8G-I) are more abundant than peridinioid dinocysts (e.g., Selenopemphix brevispinosa and S. nephroides).
Palynofacies association-B
This association was recovered from 10 samples representing the lower part of the Rudeis Formation. It contains a mixture of marine amorphous organic matter (AOMA; Batten, 1996a) and AOMT, but platy, structureless AOM of aquatic derivation dominates (>50%) except in samples 11 and 13 from the RB-2 well (Table 3 ; Fig. 6 ). Under a transmitted light microscope the amorphous marine organic matter can be differentiated from structureless, degraded phytoclasts in having a thicker, darker appearance. In addition, degraded phytoclasts often show remnants of their original morphology, such as cell walls . The morphology of the AOM ranges between sub-angular particles with neat boundaries to diffuse, fluffy particles (Fig. 9A, B ). Most consists of clotted and/or lumpy textures suggesting that it has both marine and non-marine origins . Phytoclasts and palynomorphs (both miospores and dinoflagellates: Fig 9A and B respectively) are scarce. Other characteristic palynomorphs for this association are illustrated in Fig. 9C -E.
AOM comprises more than 50% of the palynofacies from the lower part of the Rudeis Formation, which is consistent with previous work on this part of the formation elsewhere . Deposition is considered to have taken place under open marine conditions, as reported by the EGPC (1996).
Palynofacies association-C
This association was recorded from six samples representing the Wata, Matulla, and Esna formations. AOM is the most common kerogen type (Table 3 ; Fig. 6 ). Dominance of AOM (usually more than 90%) indicates suboxic to anoxic conditions during sedimentation (e.g., Tyson, 1995; Batten, 1996a) . This ranges from yellow to light brown in transmitted light (Fig. 10A, B ). All AOM in this association is much more uniform in appearance by comparison with that encountered in associations A and B; margins are indistinct and there is no structure to any of it. Characteristic palynomorphs include those illustrated in Fig. 10C 
Paleoenvironmental interpretation
Organic particles in sediments and hence alterations in the composition of palynofacies may be used to document environmental changes under different climatic and sedimentary settings, especially when linked to existing sedimentological interpretations (e.g., Batten, 1996a; Carvalho et al., 2006 Carvalho et al., , 2013 . Many spores and pollen grains recorded from Late Cretaceous and younger deposits are morphologically similar to those of modern taxa and can, therefore, considerably enhance paleoenvironmental interpretations, but their very limited recovery from deposits of this age-range in the Gulf of Suez area means that any conclusions drawn are inevitably tentative (El Beialy et al., 2005; El Atfy et al., 2013b) . Their scarcity in the palynofacies recorded herein means that there is little on which even to base any discussion of this sort: the dinocysts are more informative (see below). Their rare occurrence may be attributable to the low elevation of the nearest land surface coinciding with a rapid sea level rise and restricted transport of terrigenous debris at the time of deposition (Pearson et al., 1982) . Hence, our paleoenvironmental deductions are based mainly on the composition of the palynofacies and the sediments with which they are associated, with the proviso that these must be regarded as tentative because our study involves only cuttings samples.
Taking into account previous observations on the environments represented by the rocks investigated, it is apparent that the thin units of the Turonian Wata Formation reflect deposition in the marine realm. This formation is succeeded by the Turonian-Santonian Matulla Formation, which was deposited under open marine conditions, and is overlain conformably by the Campanian-Maastrichtian Brown Limestone and Sudr formations (Fig. 2) , which accumulated in deeper marine conditions. Deposition was then terminated at the end of the Cretaceous Period, the next unit being the Paleocene-Early Eocene Esna Formation, which rests unconformably on the Sudr Formation.
As already discussed, the Late Cretaceous and early Paleogene palynofacies contain an abundance of AOM, reflecting deposition in a distal suboxic-anoxic basin. The pre-rift succession is terminated by the deposition of the Eocene shelf carbonates of the Thebes Formation. By the end of the Late Eocene (Fig. 2) , the Tethys Sea was restricted to the north of the Gulf of Suez area and rifting of the gulf took place, resulting in the erosion of strata, which continued during the separation of the African Plate and Sinai Sub-plate in the latest Oligocene-Early Miocene 
Rudeis Formation is a reflection of the irregular paleo-relief over which sedimentation took place (Alsharhan and Salah, 1994) . These are also reflected in its organic content and the differing environments in which it accumulated. They record the earliest phase of sedimentation in a syn-rift basin as revealed in the APP ternary plot in which Association-B samples are located in palynofacies fields VI and II (Fig. 5) . As previously noted, these represent a transition from a proximal suboxic-anoxic shelf to a marginal dysoxic-anoxic basin.
The next depositional event in the study area is the accumulation of the Kareem Formation in an open marine, partly lagoonal environment, beginning with the older Markha/Rahmi Member (NSSC, 1976) , which consists of a thin anhydrite bed intercalated with shales and marls, and the overlying Shagar Member, which is represented by fossiliferous shales and marls with occasional thin limestone intercalations, and locally minor sands. The syn-rift sedimentary succession is terminated by the deposition of the Belayim Formation, which accumulated in a lagoonal to shallow marine setting (Alsharhan and Salah, 1994; EGPC, 1996) .
The Rudeis-Kareem and Belayim samples characterize palynofacies association-A as discussed earlier. This reflects deposition in a marginal dysoxic-anoxic environment, suggesting close proximity to a fluvio-deltaic source of land-plant debris as implied by the APP ternary plot, field II (Fig. 5) , despite the scarcity of miospores. The similarity in the palynofacies content of both the upper Rudeis and Kareem formations is likely to reflect similar depositional conditions. The difference that is apparent between the palynofacies associated with the lower and upper Rudeis Formation coincides with the mid-Rudeis tectonic event (Hughes et al., 1992 ). This was a major reactivation of the rift that involved the segmentation and rotation of pre-existing fault blocks into smaller units (Beleity, 1982) .
The Rudeis Formation, particularly the upper part, is considered to have been deposited in relatively deep water based on the presence of some of the dinocysts encountered, the Achomosphaera/Spiniferites complex, Operculodinium, and Cleistosphaeridium suggesting outer 
Palynofacies and geochemical correlation
Integration of palynological and geochemical data enables the potential of a given horizon as source of hydrocarbons to be determined more reliably than either of these on their own (Batten, 1996b) . AOM is the single most important source of hydrocarbons and the main type of kerogen in M A N U S C R I P T
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12 source rocks (e.g., Thompson and Dembicki, 1986; Mendonça Filho et al., 2012) . Differences in the chemistry of the original organic source of AOM result in differences in its petroleum potential (Batten, 1996b) . The van Krevelen diagram (Fig. 4) shows how the loss of hydrogen makes oilprone Types-I and II kerogen change to gas-prone Type-III kerogen (Hunt, 1996) .
Geochemical analyses were carried out on 20 samples from the depth interval 1407-2706 m through the Wata, Esna, Rudeis, Kareem and Belayim formations in the RB-1, -2, -4 and -5 wells.
Raw data plotted on the van Krevelen diagram show that the Miocene samples are of mixed Type-III to Type-II/III kerogen and hence have potential for gas generation whereas the two Turonian samples contain Type II/III to borderline Type-II oil-prone kerogen.
Palynofacies association-A samples indicate Type-III gas-prone kerogen, low HI values (88-261 mg HC/g TOC) except for sample RB2.2 (Table 1) , and low AOM values (Table 3) . Samples yielding Palynofacies association-C have the greatest values of HI and AOM, indicating oil-prone Type-II to Type II/III kerogens based on the Rock-Eval HI values (Peters ad Cassa, 1994) . As shown in Fig. 7 , the data obtained from the palynofacies analysis correlate well with those from Rock-Eval pyrolysis except for the Paleocene-Early Eocene Esna Shale, which is regarded as Type-III gas-prone based on organic geochemistry but contains Type-II kerogen based on palynofacies data. However, the latter derive from only one sample and are not necessarily typical of the formation as a whole, which is not regarded as an oil source rock according to Rock-Eval data.
TOC values are high, ranging between 2.65 and 3.80% in the three studied samples RB2.5, RB2.18 and RB2.20, and HI readings range from 323 to 389 mg HC/g TOC, indicating Type-II oilprone kerogen, as interpreted from Peters and Cassa (1994) . High AOM content is also recorded (Table 3 ; Fig. 7 ). The increasing content of TOC, HI and AOM in these samples suggests enhanced preservation associated with more reducing conditions. Data from the Matulla Formation are unavailable (see Table 1 ) owing to the poor recovery of samples from the drilled wells.
Stable carbon isotope composition (δ 13 C %)
Many types of marine and terrigenous organic matter can be distinguished using the stable carbon isotope ratios of the C 15+ saturated and aromatic hydrocarbons. This distinction refers to the provenance of the organic matter and not to its depositional environment (Peters et al., 2005) . In this study, a stable carbon isotope analysis was carried out only on the Miocene extracts (Table 4) because there have been no previous studies to determine whether potential source rocks of this age might be indicated. The carbon isotope values of the saturated fractions range from -28.26 to -26.67‰ and the aromatic fractions from -27.81 to -25.32‰ (Table 4 ). The carbon isotope data
show that the two samples from the Kareem Formation, RB4.4 and RB5.1, differ markedly (Table   4 ). This may reflect significant differences in organic matter input and/or depositional environment.
The RB5.1 bitumen sample is much heavier isotopically than the other Miocene samples (Table 4) , indicating particularly anoxic marine conditions (see section 4.6).
The isotopic relationship for terrigenous oils differs from that of marine oils and can be formalized by a statistical parameter called the canonical variable (CV; Sofer, 1984) cited as: CV = −2.53δ 13 C sat + 2.22δ 13 C aro −11.65. The overall negative CV values (-2.20 to -0.39) of the Miocene samples (Table 4) indicate a transitional marine depositional environment. This is based on the fact that the CV value above 0.47 indicates organic matter with a terrigenous source, while values below 0.47 signify marine organic matter (Sofer, 1984) .
The combined results of the palynofacies and isotopic analyses can be used to infer depositional environment. The bulk stable carbon isotope data for the Miocene extracts is consistent with the palynofacies results where the samples belong to palynofacies associations-A and -B: these represent a transition from a proximal suboxic-anoxic shelf to a marginal dysoxic-anoxic basin. (Peters et al., 2005; Volk et al., 2005) and more carbonate-rich rocks.
Biomarker characteristics 4.6.1. Depositional environments
By contrast, the Miocene samples have different ratios for the same parameters (Fig. 12) . Fig. 12 shows that the Cretaceous and Paleocene-Lower Eocene carbonate-rich rock extracts have abundant Relatively abundant C 24 tetracyclic terpane has been regarded as common in carbonate and evaporite depositional environments (Palacas et al., 1984; Connan and Dessort, 1987) . However, this compound is believed to indicate terrigenous organic matter and support the influx of higher plant material in a source rock (Philp and Gilbert, 1986; Mello et al., 1988) . The C 24 tetracyclic/C 26 tricyclic values can easily be used to differentiate the Miocene from the Cretaceous-PaleoceneLower Eocene samples (Table 4 ). All the Miocene samples have C 24 /C 26 ratios of ≥1.0, whereas M A N U S C R I P T
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14 those from the Cretaceous-Paleocene-Lower Eocene succession are mostly lower than 1.0. These low values for the latter group could be a marker for marine organic matter (Mello et al., 1988; Philp and Gilbert, 1986) . However, owing to poor chromatographic separation of the Wata sample (Fig. 11 ) the C 24 tetracyclic coelutes with the first eluting C 26 tricyclic make quantification difficult and introduce a potential error in the ratio.
The terpane (m/z 191) mass chromatograms for the samples analyzed show dominant pentacyclic terpanes with high intensities of C 30 hopane and decreasing relative proportions of extended hopanes from C 31 to C 35 (Fig. 11) .
The oleanane/hopane ratio is a common source and age indicator because oleanane is derived from flowering plants of Late Cretaceous or, more commonly, Tertiary age (Ekweozor and Telnaes, 1990; Moldowan et al., 1994) . It is evident that oleanane is absent from the Cretaceous and The high homohopane index (C 35 S/C 34 S>1.3) for the Cretaceous-Paleocene-Lower Eocene extracts is interpreted to indicate highly reducing marine conditions during deposition (Peters and Moldowan, 1991; Sinninghe Damsté et al., 1995) and derivation from bacteriohopanetetrol as well as from other hopanoids in bacteria (Ourisson et al., 1984) . As shown in Table 4 , C 35 S/C 34 S homohopane ratios of Cretaceous-Paleocene-Lower Eocene extracts are higher than those for the Miocene extracts and all samples are more than 1.0, except for one from the RB5.1 well, which has a very high C 35 /C 34 hopane ratio of 2.67, indicating that these rocks might reflect a reducing environment. This interpretation is consistent with the norhopane/hopane, sterane/hopane and C 31 /hopane ratios (Table 4 ). In addition to the very high C 35 /C 34 hopane ratio for the Kareem RB5.1 extract, a high salinity is also indicated [very high gammacerane ratio of 0.60 (Table 4) , the highest in this study], resulting in a low eubacterial population, as manifested by a very high sterane/hopane ratio (3.04, Table 4 ), which is consistent with algal (high C 27 regular sterane) marine matter and a reducing environment.
The low gammacerane indices reported for the Miocene material (<0.20: Table 4 ), indicate deposition under normal salinity for the corresponding source rocks (Sinninghe Damsté et al., 1995) . By contrast, the abundance of gammacerane recorded from the Cretaceous-Paleocene-Lower M A N U S C R I P T
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Eocene samples (>0.20: Table 4 ) suggests a stratified water column in marine carbonate-evaporite conditions of deposition (Mello et al., 1988; ten Haven et al., 1989) . The abundance of marine organic matter during the deposition of the Cretaceous and Paleocene-Lower Eocene sediments is also confirmed by the presence of C 30 4-desmethyl steranes ( Fig. 11 : Moldowan et al., 1985) .
The ratios of dibenzothiophene/phenanthrene (DBT/P) in the aromatic hydrocarbon fraction exhibit wide variations in the samples studied. The Miocene extracts have DBT/P ratios of < 0.5, which is lower than those recorded for the Cretaceous-Paleocene-Lower Eocene samples (Table 4) , indicating marine siliciclastic source rocks (Hughes et al., 1995) .
The relative concentrations and distribution patterns of regular steranes are used as source parameters that can also differentiate depositional settings (Peters et al., 2005) . The distribution patterns with similar contents of regular steranes C 27 , C 28 and C 29 in the Cretaceous-Miocene extracts (Table 4) There are other potential oil-producing source rocks in the Gulf of Suez. The geothermal gradient increases from north to south, and Rohrback (1983) found the most mature oils in the south. Some of these other sources may come into play increasingly in that direction. However, whereas rocks of sufficient maturity may generate oil, they do not necessarily have the physical properties to expel it. Instead it may be swept up by migrating oils, altering some of their geochemical characteristics in the process. El Diasty and Peters (2014) showed that ZEC3 oil from the southern Gulf of Suez has both marine and terrestrial characteristics (Family II oil). They also considered the Lower Miocene Rudeis Formation to be the best candidate for generating oils of this family in the southern part of the gulf.
Despite the poor chromatography, the mass fragmentograms of m/z 191 and m/z 217 of the Wata bitumen extract (Fig. 11) are very similar to the triterpanes and steranes of Belayim marine oils from wells BM-70 and BM-49 (El Diasty et al., 2015a) and to all of the oils discussed by Rohrback (1983) , particularly the most immature oil from Ras Bakr (Nubian reservoir), which is situated in the northern part of the southern sector of the Gulf of Suez. The bitumen in the Wata extracts may be from migrating oil, which the GC-MS of the Wata sample (Fig. 11) strongly supports. This non-indigenous oil in the rocks analyzed will undoubtedly contain contaminating biomarkers that may adversely affect assessments of hydrocarbon source potential. It is worth M A N U S C R I P T
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noting here that the characteristics of the Upper Cretaceous source rocks are very similar to the Family-I oils of El Diasty and Peters (2014) and those of the Cleopatra bitumen and other younger mummies.
In this paper, the extracts from the Rudeis cuttings have biomarker signatures that differ from the Family II oils of El Diasty and Peters (2014) . This difference could be the result of the genetic composition of the source rock lithofacies, organic facies and thermal maturity, all of which can cause variations in oil characteristics in the same oil family. By contrast, the other Miocene source rock extracts are genetically related to the biomarker signature of Family-II oils (El Diasty and Peters, 2014) and the Pasenhor mummy, emphasizing that bitumen from Gebel El Zeit was used by
Egyptians at least as early as the ninth century BC for mummification (El Diasty et al., 2015b ).
Thermal maturity
Rock-Eval data indicate that the majority of samples lie within the marginally mature stage.
The production index (PI = S 1 /[S 1 +S 2 ]) is less than 0.1 at the top of the oil window and reaches approximately 0.4 at the bottom (Peters and Cassa, 1994) . The PI is in the range of 0.01 to 0.28 with the majority of samples being less than 0.10, and the T max values vary within the range of 416-438°C, which suggest an immature to early mature source rock. The maturity estimates suggested by the T max and PI values are slightly inconsistent, probably owing to a small amount of associated petroleum generation but also perhaps to the expulsion of some of the generated petroleum from the rocks, both of which could have affected the Rock-Eval pyrolysis results (Fig. 13 ).
Biomarker parameters supplement our understanding of the thermal maturity of the source rocks. C 31 -or C 32 -homohopanes are key maturity indicators. In this study, the ratio of 22S/(22S+22R) for C 32 17α(H),21β(H)-homohopanes ranges from 0.50 to 0.59 (Table 4 ; 0.57-0.62 = equilibrium), indicating that all the extracts have a thermal maturity within the early oil window (Mackenzie and Maxwell, 1981; Peters et al., 2005) .
The isosterane content is primarily related to maturity, which transforms the biologic ααα forms (normal steranes) into αββ forms (Seifert and Moldowan, 1986; Rullkötter and Marzi, 1988) .
The values of 20S/(20S+20R) and αββ/(αββ+ααα) of the C 29 steranes average 0.38 and 0.41 in the RB-2 well. Therefore, based on the Rock-Eval PI and T max , 22S/(22S+22R) hopanoids, 20S/(20S+20R) and αββ/(αββ+ααα) of the C 29 steranes ratio data, all of the samples exhibit an early mature thermal stage (Fig. 14) .
The Cretaceous-Miocene source rock maturity was also estimated using aromatic maturity parameters. The methylphenanthrene index is calculated using the peak areas of methylphenanthrene (MP) and phenanthrene (P) from m/z 192 and m/z 178 fragmentograms, respectively (Cassani et al., 1988) . The values of the MPI-1 range from 0.58 to 0.96 and the
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17 calculated vitrinite reflectance %Rc ranges from 0.75 to 0.97 (Table 4) , also indicating that these rocks from the Ras El Bahar Oilfield are at the early oil window. Mheiherrat; Haw, Hawara; Ghar, Gharmul; Oct, October; Gha, Ghara; Abu Ze, Abu Zenima. showing mostly fair to good petroleum-generating potential for the rock units examined. S. hispidum; RB4.3b, 1668 m, R39-3. F, Cordosphaeridium minimum; RB4.6a, 1767 Methylphenanthrene index (MPI-1) = 1.5(2-MP + 3-MP)/(P + 1-MP + 9-MP); Calculated vitrinite reflectance (%Rc) = 0.6×MPI-1+0.4 (Radke et al., 1984) . 
Summary and conclusions
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